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F O  R E WO R D 

Th i s  q u a r t e r l y  p r o g r e s s  r e p o r t  was p r e p a r e d  by the 
P r a t t  & Whitnt,y Ai rc ra f t  Division of United A i r c r a f t  
Corpora t ion ,  E a s t  Hartford,  Connect icu t ,  in com-  
pl iance w i t h  Con t rac t  NAS3-1724. 
t echnica l  accompl i  s hrne n t on de s ign  and de ve lopment  
of a hydrogen-oxygen fuel  ce l l  powerplan t  f o r  the t h r e e  
month pe r iod  f r o m  J u l y  1 th rough S e p t e m b e r  30,  1961. 

I t  c o v e r s  the 
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AB S T R AC *I- 

The  des ign  of the spec i f ic  250 watt  e x p e r i m e n t a l  fuel  c e l l  
powerplant  s y s t e m  r equ i r ed  by T a s k  1 of C o n t r a c t  NAS3- 
1724 h a 5  been completed and de ta i led  d r a w i n g s  have been 
r e l e a s e d  fo r  fabricat ion.  The i t e m s  des igned  inc lude  the 
fuel  ce l l  module a s sembly ,  the hydrogen c i r cu la t ion  loop 
pump and heat  exchangers ,  the p r e s s u r e  r e g u l a t o r s ,  
hydrogen c i r cu la t ion  contr 01s , and e l e  c t  r i c a l  components .  
F a b r i c a t i o n  of the hydrogen c i r cu la t ion  pump is comple t e  
and cons t ruc t ion  of the o ther  powerplan t  componen t s  h a s  
been s t a r t ed .  While Components of the e x p e r i m e n t a l  
powerplant  w e r e  not available f o r  t e s t  du r ing  this  first 
r e p o r t  per iod ,  a total  of 1456.5 hour s  of t e s t  t ime  w a s  
comple ted  on "breadboard" components  ( ava i l ab le  ha rd -  
w a r e  of an e a r l i e r  design).  
des ign  da ta  and s y s t e m s  expe r i ence  e a r l y  in  the p r o g r a m  
and fac i l i t a te  the l a t e r  tes t ing of an e x p e r i m e n t a l  power-  
plant. The b r e a d b o a r d  components  t e s t e d  inc luded  s ingle  
c e l l s ,  mu l t i - ce l l s ,  p r e s s u r e  r e g u l a t o r s ,  and a hydrogen  
c i r cu la t ion  loop. 
des ign  p r o b l e m s  encountered.  None of the tes t ing  to 
da te  h a s  a l t e r e d  ou r  expectat ion of de mons t ra t ing  the 
feas ib i l i ty  of the hydrogen-oxygen fue l  ce l l  powerplan t  
f o r  space  appl ica t ions ,  
the planned p r o g r a m  for t h i s  per iod.  
q u a r t e r ,  i t  is anticipated tha t  the e x p e r i m e n t a l  compo-  
nents  will  be fabr ica ted ,  t ha t  t e s t  evaluat ion of t h e s e  ex -  
p e r i m e n t a l  components  will b e  s t a r t e d ,  and  tha t  a c o m -  
plete b readboard  powerplant wil l  b e  t e s t ed .  

These  t e s t s  wil l  p rovide  

Adequate so lu t ions  w e r e  found for the 

P r o g r e s s  i s  i n  a c c o r d a n c e  with 
Dur ing  the  next  
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0 b je c ti ve 

The object ive of this progrdti i  I S  to des ign ,  f a b r i c a t e  dnd (onduc  t 
developrncnt  tes t ing  of nn expc>rimcntnl fuel c c l l  powerp1,lnt s y s t e m  
to  e s t a b l i s h  the f eas ib i l i t v  of a fuel  c c l l  power supply for manned 
s p a c e  vehic le  appl icdt ions.  
Fhase ,  the des ign  of a prototype fuel  ce l l  pow(xr supply fo r  a mannetl 
s p a c e  vehic le  will  be furnished.  

Upon con-plet ion of the deve lopment  

F u e l  Cel l  Background 

Prat t  & Whitney .Aircraft  Division has  under taken  an ex tens ive  p r o g r a m  
of fuel  ce l l  r e s e a r c h  and development  a s  a log ica l  ex tens ion  of a long 
and v a r i e d  background in the deve lopment  of advanced  powerplan ts .  
In suppor t  of th i s  p rogra tn ,  exclusive r igh t s  to  the Bacon  fuel  ce l l  and 
a l l  a s s o c i a t e  technology were  a c q u i r e d  in  1959. This  ce l l  h a s  been 
under  deve lopment  s ince  the  e a r l y  1930's by F r a n c i s  T. Bacon  in  
C a m b r i d g e ,  England and has  been success fu l ly  d e m o n s t r a t e d  in s e v e r a l  
mul t ice l l  units.  

The Bacon type fue l  ce l l  h a s  s e v e r a l  b a s i c  advan tages  o v e r  o t h e r  
e l e c t r i c  powerplan ts  f o r  space appl ica t ions .  
c h e m i c a l  e n e r g y  to e l e c t r i c a l  e n e r g y  s t a t i ca l ly  at v e r y  high eff ic iency.  
I t  o p e r a t e s  at suf f ic ien t ly  h i g h  t e m p e r a t u r e s  to allow ope ra t ion  at 
high c u r r e n t  dens i t i e s  and to f ac i l i t a t e  r e j ec t ion  of w a s t e  heat.  
p roduc t  of the convers ion  p r o c e s s  is potable  w a t e r  which is  ava i l ab le  
f o r  use  by the c rew o r  f o r  auxi l iary equiprrent .  
p o r o s i t y  e l e c t r o d e  s t r u c t u r e  provides  a pos i t ive  s e p a r a t i o n  of l iquid 
and  gas  p h a s e s  f o r  opera t ion  in a va r i ab le  g rav i ty  envi ronment .  

The ce l l  c o n v e r t s  

The 

F ina l ly ,  the dua l  

S ince  1959, an ex tens ive  r e s e a r c h  and development  p r o g r a m  has been 
underway at P ra t t  & Whitney A i r c r a f t  Division, with cont r ibu t ions  
f r o m  s e v e r a l  a s s o c i a t e d  univers i ty  and i n d u s t r i a l  r e s e a r c h  l a b o r a t o r i e s ,  
for  the i m p r o v e m e n t  of pe r fo rmance ,  reproducib i l i ty ,  and re l iab i l i ty  
of the bas i c  design.  
a r e a s .  
i n s t e a d  of twenty to f o r t y )  tins bven developed.  
been  continuously i m p r o v e d  d s  a r e s u l t  of re f ined  e l e c t r o d e  f ab r i ca t ion  
and ce l l  opera t ing  techniques.  

Substant idl  p r o g r e s s  h a s  been achieved  in a l l  
A ce l l  which o p e r a t e s  a t  low p r e s s u r e  (one to t h r e e  a t m o s p h e r e s  

Ce: :  per fo rn iance  has 

Mult ice l l  a s s e m b l i e s  of t h e s e  l o w  

1 CAGE NO 



T a s k  1 - Uesign, fdbriLdte,  arid t e s t  ,in ( ~ x p e r i m e n l a l  low pressure' 

fuel ce l l  po\serpl,int s y s t e m ,  incorpora t ing  a p r e s e n t  s t a t e -  
of-the-drf hydrogcLn-oxygen f u e l  ce l l ,  with the ob iec t ivc  of 
providing <i rriinimlim p o \ \ e r  G f  250 \ \ d t t s  dt a \,olt,ige of 12 
f 1 v o l t s  and ,in opcrat ing cffictc.nc y of not less than 50 ;)car 
cent  at the m ~ x i r n u t n  locid conditions.  

The t e s t p r o  g r a ni :L i 11 i n i 1 uclt: : 

a) approximate ly  3 ,  500 h o u r s  of s ing le  o r  multi-fuel cell 
t es t ing ,  
approximately .1, 000 h o u r s  of component  tes t ing ,  of s u c n  
components  nq c o n t r o l s ,  p u m p s  and hea t  exchange r s ,  to 
eva lua te  the i r  design,  p ~ r f o r i r ~ d n c e  and du rab i l i t y ,  , ind  
approximate lv  500  hours of csxperimental  pouerp lan t  
tes t ing  to (it. mons t r a t c  p o w e  rp l an t  du rab i l i t y  and 
pe r fo  r m m  c e .  

T’a5k 2 - W i t h  t h e  infortr1,t:ion <mtl t e s t  rcsu1:s g e n e r a t e d  in  T a s k  I ,  
p r e p a r e  m c l  f i irnish the. p r e l i m i n a r y  d e s i g n s ,  design layou:.-; 
and  d rawings  of <i cornpl r t r~  prototype hydrogen-oxygen fue l  
c ~ 1 1  power s u p p l  j q i  sterr) f o r  n:anncd space  vehicle  dpplic .ition5 
to mee t  t h c  pov cAr i r ~ v ( ~ 1 ,  p e r f o r t i ~ , + n c e ,  and re l iab i l i ty  
r :~quirerr .ents  to he . , ; ) t ’ (  ified by N, iSr i .  
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1 
I 
I I‘nc f u e l  c t . 1 1  powcrplCint cuns i s t s  of threix m,i jor  sec Lions i )  t t i t  f l i t  1 

L t , l l  rnodulc. ‘ i s s e i n b l ) ,  2) 
t ion and c u h d u s t  produL t reniov,il, ,inti 3 )  the rv,tc tdnt aiid pouerp l . ln t  
con t ro l s .  
iri F i g u r e  1 a n d  in i s o m e t r i c  f o r m  in F i g u r e  2. 

the hvdrogen < irc.ulation loop fo r  tie,lt r ~ ~ j e ~  - 

T h i s  eri t irc powerplant s y s t c m  i s  pr t>sentcd  sc t temdt i (  ,illy 

i . : c  fue l  ce l l  tnotiule cons i s t s  of an  ; i s sembly  of ( t .115  e l e c t r i c a l l y  
c . . , nne~ . t ed  in  sc , r ics  to provide t h e  d e s i r e d  vol td ige  and of a s i z e  sufficicbnt 
t o  provide the r e q u i r e d  power.  
with g a s  a c c e s s  p o r t s ,  an oxygen e l ec t rode  w i t h  s i m i l a r  g a s  supply p o r t s ,  
and  a n  e l ec t ro ly t e  c o m p a r t m e n t  with the n e c e s s a r y  e l e c t r i c a l  insu la t ing  
m a t e r i a l  between e l e c t r o d e s .  Oxygen suppl ied  to a c e l l  r e a c t s  Lcith 
\ ca t e r  i n  the e l ec t ro ly t e  at  react ion s i t e s  in porous  n icke l  oxide e l e c t r o d e s ,  
and  hydroxyl  i ons  a r e  crcatet i .  
a r e  provided  through the ex terna l  load f r o m  the hydrogen  e l e c t r o d e .  

r e a c t i o n  s i t e s  i n  the po rous  nickel hydrogen e l e c t r o d e ,  w h e r e  they c o m -  
bine i n  a second r eac t ion  to f o r m  wa te r  and provide e l e c t r o n s  to  the 
e x t e r n a l  c i r cu i t .  
to  f o r m  wa te r ,  e l e c t r i c i t y  and excess  heat.  
c ludes  any p r e s s u r e  v e s s e l  and insulat ion r e q u i r e d  fo r  the d e s i r e d  
ope rd t ing  condi t ions.  
o p e r a t i n g  condi t ions a r e  normal ly  a p r e s s u r e  f r o m  one to t h r e e  
a t m o s p h e r e s  and ;i t e m p e r a t u r e  of 5 0 0 ° F  w i t h  concen t r a t ed  p o t a s s i u m  
hydroxide (75 -90  p e r  cent ) .  

Each c e l l  c o n s i s t s  of a hydrogen e l e c t r o d e  

I’he reac t ion  r e q u i r e s  e l e c t r o n s  which 

: i l ~ t 3 1  I I.&^ - fo rma t ion  the h j -droxyl  ‘loris n i ig i a t e  through t h e  e lec t ro ly t e  to t h e  

The o v e r a l l  react ion combines  hydrogen and oxygen 
The module a s s e m b l y  in-  

F o r  the low p r e s s u r e  Racon type fuel  c e l l ,  the  

The  hydrogen c i r cu la t ion  loop provides  a m e a n s  of r e j ec t ing  e x c e s s  
hea t  and removing  the exhaus t  produc.t, i . e . ,  wa te r .  The loop cons i s t s  
of a hydrogen c i r cu la t ion  puwp,  d r i v e  moto r ,  heat  e x c h a n g e r s  and a 
w a t e r  s e p a r a t o r .  The circulat ion pump p roduces  an e x c e s s  of hydrogcn  
which pas ses  behind e a c h  hydrogen e l e c t r o d e .  The 10% concent ra t ion  
of wa te r  vapor  in  the incoming g a s  rnixturc p e r m i t s  diffusion of wa te r  
v a p o r  f r o m  the porous  e lec t rodp  s t r u c t u r e ,  and the en r i ched  mix tu re  
of w a t e r  vapor  and hydrogen is  purged f r o m  the c c l l  to the heat exchange r .  
T h e  f i r s t  cxct langcr ,  a r e g e n e r a t o r ,  i s  included to c o n s e r v e  h’eat at  
lo\\ power condi t ions by t r a n s f e r r i n g  hcat f r o m  the outgoing hydrogen-  
w a t e r  vapor  to the incoming mixture .  
e x c e s s  heat  to an  e x t e r n a l  sink and ( .ond(.nses the wa te r  vapor  fo r  e a s o  
of  s e p a r a t i o n  of the hydrogen-water  mix tu re .  This  i s  ac tua l ly  a c c o m -  
plist ied in a cent r i fuga l  separator d r iven  on a common  shaf t  with the 
c i r cu la t ion  p u m p .  The r ec i r cu la t ed  hydrogen,  now containing ;i low 
w a t e r  vapor  conci:ntrj t ion,  is purr iped  back to the fuel  ce l l  e i t h e r  through 
the r e g e n e r a t o r  o r  not,  ;is the operat ing condi t ions may require>. 

T h e  second heat  exchange r  r c j e c t s  

P A G E  NO 



111 DETAILED DESIGN OF EXPERIMENTAL POWERPLANT 

A m a j o r  e f for t  d u r i n g  the f i r s t  q u a r t e r  was  the  de t a i l ed  des ign  of 
the 250 Lvatt expe r imen ta l  fuel cell  powerplan t  using s t a t e  -of- the-  
a r t  concepts .  The approdch  philosophy W ~ S  to inc lude  des ign  f ea -  
t u r e s  which would u l t imate ly  be compat ib le  with r e q u i r e m e n t s  of 
powerplan ts  f o r  manned space  appl ica t ions .  
was  the des ign  and  ope ra t ion  of a comple te ly  se l f - sus t a in ing  ground 
ope ra t ed  powerplant  to prove  the feas ib i l i ty  of the  s y s t e m .  
e a s e  of tes t ing ,  the  f i r s t  powerplants  will  include a water -cooled  
condense r  i n s t ead  of a s p a c e  r ad ia to r  s y s t e m .  

The i m m e d i a t e  ob jec t  

F o r  

The pov.erplant p rov ides  d nominal 250 L r a t t s  at  12 volts DC and inc ludes  
c o n t r o l s  fo r  r eac tdn t s  floLb, voltage,  and hea t  and v.ater r e m o v a l ,  
ovclr a range of power r e q ~ i i r e t n c n t s .  
c ~ 1 1  module and the con t ro l s  h c i v r  been d r s igned  to space  f l i g h t  s t , inddrds 
of ue igh t  and rel iabi l i ty .  110-ever, no d t tempt  hcis  been made to l ighten 
o r  he rme t i ca l ly  s e a l  e x t e r n a l  housings.  To fac i l i t a te  tes t ing ,  the 
c o n t r o l s  arc. in  s e p a r a t e  functional units r a t h e r  than packaged a s  one unit. 

All i n t e r n a l  parts of the fuel  

A l t e r n a t e  conf igura t ions  have been des igned  where  they would be 
of m a x i m u m  benefi t  to deve lopment  of the prototype powerplant .  
For  example ,  the module  has  provis ions  for a l t e r n a t e  seal a r r a n g e  - 
m e n t s ,  and a l t e r n a t e  con t ro l s  using d i f f e ren t  concepts  f o r  r egu la t -  
i n g  e l ec t ro ly t e  concent ra t ion  have been  provided.  

A .  System1 Selec t ion  

I'he f a c t o r s  u s e d  in se lec t ion  of the powerplan t  configurat ion a n d  
( - > p r a t i n g  condi t ions,  with a d iscuss ion  of a l t e r n a t e  conf igura t ions  
i n  csnch 
b (, I o w . 

cf t h c .  t h r e e  rnajor sec t ions  of t h e  powerplan t ,  a r e  presc>nted 

P A G E  N O  4 



P R A T T  e W H I T N E Y  I \ IR<  W A F T  I ' u' , , - L! ' I f  Jh 

1 )  5 0 0 ° F  t c l l  tc 'n iperature ,  
2 )  20 ps ia  recictant p r e s s u r e ,  
3 )  E l ec t ro ly t e  K i t h  8 5  p e r  cent KOFI by  weight,  a n d  
4 )  Module p e r f o r n  m c c  12 f 1 vol t s ,  ne t  output of at 

l e a s t  250  watts.  

Ce l l  T e m p e r a t u r e  - F o r  good c e l l  p e r f o r m a n c e  and f o r  minimiir- 
r a d i a t o r  s i z e ,  the operat ing t e m p e r a t u r e  should be a s  h i g h  a5  
p rac t i cab le .  The 5 0 0 ° F  opera t ing  t e m p e r a t u r e  i s  the rnaximut-rI 
t e m p e r a t u r e  consis tent  Ltith' the ce l l  s e a l  des ign .  F i g u r e  3 
shows the change i n  the output of a module a s  the ce l l  t e m p e r a -  
t u r e  i s  va r i ed .  
a t  h i g h  c u r r e n t  dens i t ies .  
module i s  dependent  on at ta ining high c u r r e n t  d e n s i t i e s ,  i t  is 
v i ta l  to o p e r a t e  a t  t e m p e r a t u r e  l eve l s  a s  high a s  p rac t i ca l .  

The effect  of t emper , i t u re  on output i s  c r i t i c a l  
B e c a u s e  min imum weight  of a 

High ce l l  t e m p e r a t u r e s  a r e  a l s o  r e q u i r e d  in  o r d e r  to r educe  
r a d i a t o r  s i z e  and weight to a minimum.  
not only to the i n c r e a s e d  r a d i a t o r  in le t  t e m p e r a t u r e  but  also 
to the i n c r e a s e d  Lvater vapor  in the ce l l  exhaus t .  The resul t ing 
high condensing t e m p e r a t u r e  is  an  addi t ional  f a c t o r  minimiz ing  
r a d i a t o r  s i ze .  

This  reduct ion  i s  due 

Ce l l  P r e s s u r e  - Studies  of thr .  inf luence of ope ra t ing  p r e s s u r e  
have shown that the n e a r  op t imum ce l l  p r e s s u r e  leve l  fo r  a 
space  engine will  be about 60  ps ia .  Higher  p r e s s u r e  l e v e l s  will  
r e s u l t  in  h igher  module c a s e  and r a d i a t o r  weight. To faci l i ta te  
t e s t i n g , a  r eac t an t  p r e s s u r e  of approx ima te ly  20 p s i a  ( 1 5  ps ia  
e l ec t ro ly t e  p r e s s u r e )  w a s  chosen f o r  the in i t ia l  e x p e r i m e n t a l  
engines .  
con t ro l s ,  t hese  engines will o p e r a t e  a t  60 psia .  F i g u r e  1 
S!:OWS the c f fcc t  of cell opcra t ing  p r e s s u r e  on r a d i a t o r  s i z e  f o r  
a L ypi ca l  f l ight po% e rpl  ant. 

W i t h  only minor  modif icat ions to the housing and 
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h4odille P e r f o r  mancv 
v e r s u s  crirrc.nt dcbnsity for  t i ic  bi,st and p o o r e s t  pcrforrnanct .  
driticipatthci. .Also sho\bn b e t m e e n  these l i m i t s  is the p e r f o r -  
mance  fo r  a s ing le  , c t x ? l  dur ing a 1000-hour endurance  tes t .  
Supe r imposed  on the individual c e l l  pe r fo rmance  c u r v e s  a r e  
total  power  ocltput c u r v e s  f o r  a 15 ce l l  a s s e m b l y ,  indicating 
the v a r i o u s  c u r r e n t  d e n s i t i e s  r e q u i r e d  to  provide 280 o r  310  
\sat ts .  ( .I 'hese totals include 250 m a t t s  n e t  with e i t h e r  30 o r  
6 0  wat ts  of powrrplant p a r a s i t e  lond.) With the i n t e r m e d i a t e  
p e r f o r m a n c e  achieved in the endurance  t e s t ,  the c u r r e n t  densi tv  
i s  1 5 3  a m p e r e s  p e r  s q u a r e  foot f o r  a 30watt  p a r a s i t e  load 
and the modulc  t e rmina l  ~ - o l t ~ i g c  i s  1 3  vo l t s  ( 15 x .  87) .  
h i g h e r  p a r a s i t e  1o;ids t h e  c u r r e n t  dens i ty  i n c r e a s e s  apt1 thr 
t e r m i n a l  voltage tlecrc,ascs corresp(. ,nding to 19O,imps/ft 
volts r e spec t ive ly  for ;i 60  v.,itt p a r a s i t e  load. 
d ( 2 i i a i t i c s  w i l l  providv long e l e c  t r o d c  l ife and a r e  typ ica l  of 
the c u r r e n t  dens i t ies  r(>c\uir.ccl fo r  n ~ i n i m u r n  s y s t e t n  \%eight .  

- F i g u r e  5 shorn s individual ( .el l  L O i t d g t '  - 

Wit': 

2 and 1 2  
These  c -ur ren t  

I f  t h e  e x t r e m e  (ondi t ious should develop,  e i t h e r  high pa r , i s i t e  
l o d d j  ant1 the poorest  Fer forn jnnce  o r  lo\\ p a r a s i t e  lo,ids anci 
t h e  !> st p i>r fc ) r rdn Ic ' ,  
to ic, ,ind 14 ( e l i s  r c spcc t ive lv  to conform ,uitti t r rn i in , i i  
voltagc l imi ta t ions .  
c u r r e n t  dcns i t i e s  indic,ited dt  t h e  e x t r e m r s  \\it11 15  ~ ~ ~ 1 1 s .  

thc n u m b e r  of c e l l s  c-di-i be ~ l - ~ d i i < e ~ l  

T h i s  approac h ,ilso n d r r o u  s thr. r d i g e  of  

P A C E  NO t> 



b. R c a c t m t  F e e d  S e c t i o n  

I t  i s  r e q u i r e d  that  t h e  feed  sec t ion  provide  r c a c t d n t s  to thr .  fllcl 
ce l l  a t  a cons tan t  p r e s s u r e  r e g a r d l e s s  of f l ou  r a t e .  
ce l l  i n l e t ,  the reac tan ts  mus t  be g a s e o u s  but the t emper r i tu re  
will  depend on t h e  type of s t o r a g e  s y s t e m  cons ide red .  While 
deve lopment  of a reac tan t  feed  s y s t e m  is beyond the s c o p e  
of t h i s  p r o g r a m  except  for p r e s s l l r e  r e g u l a t o r s ,  andly t ica l  
s tud ie s  a r e  available which have c o n s i d e r e d  the p r o b l e m s  to be 
expec ted  i n  a space  appl icat ion.  
w i l l  be ava i lab le  for inc lus ion  unde r  Task  I1 of the p r e s e n t  con- 
t r a c t .  F o r  the c u r r e n t  fuel  ce l l  f ea s ib i l i t y  p r o g r a m ,  r e a c t a n t s  
wil l  be suppl ied  f r o m  high p r e s s u r e  g a s  c y l i n d e r s  at r o o m  
t e m p e r a t u r e .  

At the 

The r e s u l t s  of t hese  ytuclies 

c. Heat  and Water  Remova l  Sec t ion  

The funct ions of this por t ion  of the powerplan t  a r e  twofold. 
Po tab le  w a t e r  must  be r emoved  f r o m  the ce l l  d i s c h a r g e  g a s e s  
and the was te  heat  f rom the fuel  ce l l  s ec t ion  m u s t  be r e j e c t e d  
to space .  

Two c r i t e r i a  mus t  be o b s e r v e d  in the des ign  of the sec t ion .  
The powerplan t  heat ba lance  mus t  be p r o p e r l y  ad jus ted  to k e e p  
the modules  at  a fixed ope ra t ing  t e m p e r a t u r e  o v e r  the power 
range .  
th rough the fuel  cell  to r e m o v e  the w a t e r  vapor  f o r m e d  in 
the reac t ion .  

The o the r  c r i t e r i o n  i s  that  hydrogen m u s t  be c i r cu la t ed  

These  t w o  c r i t e r i a  combine to p r e s e n t  a r e q u i r e m e n t  f o r  a. 
powerplan’t  cycle  shown  i n  s impl i f ied  s c h e m a t i c  f o r m  below. 

P A G E  NO. 7 
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HEAT a WATER 

REJECTION DEVICE 
J b 

'The w a t e r  f o r m e d  at the hydrogen e l e c t r o d e  t x u s t  be remo\ ,ed  
to  p r e v e n t  a reductior. in e l ec t ro ly t e  concentrat ion.  .i log ica l  
method of removing  thc \ r a t e r  i s  to  c i r c u l a t e  e x c e s s  hydrogen 
o v e r  the hydrogen electrode to  r e m o v e  the w a t e r  vapor  w h e r e  
i t  is  fo rmed .  The effect iveness  of the hydrogen c i r cu la t ion  
in removing  thc Katcxr fori-lied i s  depc>ndcnt on the circulat ion 
r a t e ,  the amount  of u i i tc r  v;l;ior in the hydrogen f l o w  o r  
e s s e n t i a l l y  condenser  ex i t  t e m p e r a t u r e ,  a s  wel l  a s  t h e  c:..ll 
o pe r a t  ing p r e s s 11 r e ,  ;in d t e m pc r a t 11 r e ,  An aly ti c a1 P s t i  n .i t t' s 
of the expected c lcc t ro ly tc  concent ra t ion  a s  a function of 
c i r cu la t ion  r a t e  arc' sho\:n i n  F i g u r e  6 
powe rp l an t  de s ign  conditions and two condense r  te tnpe r n  t u l . ~ >  s .  

A l s o  shown is an estirr:;ite of t h e  r a t io  of w a t e r  remo\ ,ed  f r c t v  
the c . c l I  to  the hydrogen cir( .ulated.  These  csLin1att.s ;issunit- 
t h a t  the p a r t i a l  p r e s s u r c  of thr. \Later vapor  a t  t h e  cc l l  exi t  
w a s  eq'ial to the p'irtial p r c s s u r c  of t h e  u d t e r  vapor  fo r  t h  
e l ec t ro ly t e  at that t empera tu re  and  concentrat ion.  
poirits shown on ttie c.'urve, ac tua l  t c s t  points ci isc-usscd in 
a l a t e r  scct ior i ,  app,irently c,onfi r r r  t h c  analytic,il . tpproL>c h 
hc in g a s s u me t i .  

f o r  the expc r i inen ta l  

Tiic d;1t,i 
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P R A T T  8 W H I I N E Y  A I R C R A F T  I”,Z - L ‘  

.I 5 t . k  ond e q u d l l y  i n ipo r t~ tn t  f u n c t i o n  of t h c  r t s t i  r c u l c j t i n g  
hbdrogcn is to t r a n s f e r  t l l ~  bbdstt‘ Iivat f r o m  i h r  f u c l  c e l l .  
Tht. r ec i r cu la t ion  flows r cqu i r cd  for  t h e s c  two functions , i r#> 
not  n e c c s s a r i l v  the s a m e .  
rernovdl cons idera t ions  req i i i rc  l o w e r  f lows than v.,iter 
r emova l  whilc a t  high p o \ \ e r  the c onvcxrse IS t rue .  i‘i 
r e g e n e r d t o r  is  provided  to heat  tht .  r e (  irculatiny; flow a t  the 
low p o w e r s  before  it e n t e r s  the fue l  ce l l .  The sourcf ’  of h c , t t  
in  the r e g e n e r a t o r  is tlie hot exhaus t  g a s  le,Aving the fuel  ccil .  
The p r o p e r  amount  of r e g e n e r a t i o n  i s  provided  by a r e g e n e r d -  
to r  bypass  valve which d e t e r m i n e s  t h e  amoun t  of r c  c i r cu la t ing  
hydrogen flow that  p a s s e s  through the rc .generator .  A t  high 
power  opera t ion  all the flow will  bypass  the r e g e n e r a t o r ,  
i n c r e a s i n g  the cooling capab i l i t i e s  of the r e c i r c u l a t i o n  hydrogen  
f l o w .  

. I t  l ow power  ( o n d l t i o n s  hedt 

Devices  to r e j e c t  heat and w a t e r  a r e  n u m e r o u s .  
for a manned space  appl ics t ion  i t  is  d e s i r a b l e  to  r e c o v e r  the 
potable v.ater genera ted  by the fuel  cel l .  
quant i ty  of ma te r  involved, the choice  is l i m i t e d  to s y s t e m s  
uti l izing a condenser .  Since the s y s t e m  w i l l  have to ope ra t e  
i n  a z e r o  gravi ty  envi ronment ,  a s e p a r a t o r  i s  a l s o  r e q u i r e d  
to r e m o v e  the condensate  f r o m  the c i r cu la t ing  hydrogen 
s t r e a m .  

However ,  

B e c a u s e  of the 

Some of the m o r e  feas ib le  w a t e r  and  hea t  r e m o v a l  concepts  
f o r  space  s y s t e m s  a r e  l i s t ed  below. E a c h  of the concepts  
i n c o r p o r a t e s  a mechanica l  s e p a r a t o r  to r e m o v e  the l iquid 
w a t e r  f r o m  g a s e s .  

1) 
2 )  G a s - g a s  s e p a r a t o r  / c o n d e n s e r - r a d i a t o r  
3 )  

Condense r - r ad ia to r  ( s e l e c t e d  f o r  t h i s  p r c j e c t )  

Diffusion s e p a r a t o r  / condense r -  r a d i a t o r  

Condense r  - Radiator  
s e p a r a t o r  des ign  i s  shown below. 

- A ske tch  of the r a d i a t o r l l i q u i d - g a s  

Cell  exhaus t  g a s e s  a r e  c i r r u l a t e d  through a potable  w a t e r  
c o n d e n s e r j r a d i a t o r  mihere the g a s e s  a r e  cooled. 
w a t e r  vapor  is  condensed and the l iquid w a t e r  i s  s e p a r a t e d  
f r o m  the wa te r  vapor and hydrogen g a s  in the cent r i fuga l  
s e p a r a t o r .  
the mix tu re  of water vapor  and hydrogen g a s  is  pumped back 
to the f u e l  cell.  The l o w  pumping and  s e p a r a t o r  powers  dnd 
the r e l a t ive  s impl ic i ty  a r e  the p r i m a r y  advantages  of ’ th i s  
s y s t e m .  

Some  of the 

Potable  w a t e r  is  ava i lab le  f r o m  the s e p a r a t o r  and 

- 
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I T 0  CELL 
CELL 
EXHAUST 

PUMP 

. 
CONDENSER / RADIA7DR 

SEPARATOR 

+ POTABLE 
WATER 

RADIATOR/GAS -LIQUID SEPARATOR 

G a s -G a s  S i a  p ci r a to r / C ond e n s (I r - H ad id to r - An <i 1 t e r n,i t e 
des ign  pa r t i a l ly  s e p d r a t e s  the fuel  c e l l  Pxhaust  mix tu re  of 
w , i t e r  \rapor and hydrogen g a s  in :I (.eritrifrigal s eps rd to r .  
This  des ign  is shovVn schcwa t i c  . i l l y  beiow. 

I RADIATOR i' GAS - GAS SEPARATOR 

!ELL EXHAUST 
x) FUEL . 6 C I  I 

"2 SEPARATOR (N PUMF 

POTABLE 
WATER 

CONDENSER /RADIATOR 

In tliis design s o m e  o i  t h t .  hydrogen g a s  i s  r e m o v e d  f r o m  the 
ce l l  e x h a u s t  by ii c r n t i - i f u g a l  separ ' t to r  to inc r r . s se  t h e  spec i f i c  
humidity of the vapors  flowing to the condense r  and t h u s  
reduct.  t h p  s i z e  of t h r  r a d i a t o r .  
h a v e  showri ih i s  des ign  to b e  approx ims te ly  24 p e r  cent  heavier  
than t h e  cicsigrl ries(cribed previous ly .  
due pr i rnar i ly  t o  t h e  w e i g h t  penalty a s soc ia t ed  w i t h  s ta te -of -  
a r t  gas-gas st -parator  des igns .  
compl ica ted  than t h e  first des ign  in  t h a t  an  addi t ional  pump 
a n d  separcltor a r e  required.  

S) . s tems 'opt imiza t ion  s tud ie s  

The heavy weight  i s  

This  dcsigrl i s  a l s o  m o r e  
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1)i f f u s  i on S e  p a r  J. to r / C ond(.n s c  r - t t  ddici t o r - 'File t h i  r r l  dc- si  gn 
i n <  o r p o r a t e s  a porous m a t c r i d l  to pa r t id l ly  separ,tLe t h e  ( e l l  
exhdus t  mix tu re  by d i f fe  r c n t i a l  tliffiision. 
s che mat i  c a l l  y below. 

I--- - 

r h i s  is  s h o w n  

CELL 
EXHAUST AT0 FUEL 

L - I CELL "2 
- 

W FFUSION 
SEPARATOR 

I .  SEPARATOR . 
CONOENSER 1 RAOIATOR 

POTABLE 
WATER 

RADIATOR / DIFFUSION SEPARATOR 

In t h i s  des ign  some of the f r e e  hydrogen in  the ce l l  exhaus t  
is  s e p a r a t e d  f r o m  the w a t e r  vapor .  
a s e t  of porous  paladium tubes  through u h i c h  only hydrogen 
may p a s s .  
by opt imiza t ion  s tudies  which ba lance  two f a c t o r s ,  the con-  
d e n s e r  weight d e c r e a s e  Nith higher  mix tu re  qua l i ty  and the 
s y s t e m  weight i n c r e a s e  w i t h  higher  hydrogen pumpir,g p o w e r s .  

Th i s  is accompl i shed  in  

The amount of hydrogen s e p a r a t e d  i s  d e t e r m i n e d  

S y s t e m s  opt imizat ion s tud ie s  have shown th is  des ign  to be 
a b o u t  t h e  s a m e  weight as  t h a t  using a c o n d e n s e r - r a d i a t o r .  
The r a d i a t o r  a r e a  i s  a l s o  about 10 p e r  cen t  s m a l l e r  than 

a s s o c i a t e d  w i t h  the addi t ional  pump,  the f i r s t  s y s t e m  d i s -  
c u s s e d  is p re fe r r ed .  

' the f i rs t  s y s t e m ;  homever,  because  of the added complexi ty  

B. The rmodynamic  Descr ipt ion 

Values  of flow p a r a m e t e r s ,  t e m p e r a t u r e s  and p r e s s u r e s  a r e  
s u m m a r i z e d  in  the f o l l o w i n g  table  for  the nomina l  250  mat! ra t ing.  

1 1  P A G E  NO 
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E s t i m n t c r i  Experimpntdl  F u e l  C e l l  P o w e r p l a n t  Design D a t a  
~ - -  - 

Ne t Powc, r 
V o l t a g e  
C u r r e n t  dtxns-lt y 
N u m b p r  o f  1 c l l s  

F U E L  C E L L  

2 5 0  w a t t s  

150-  190 amps / f t L  
12 v o l t s  > 

15 

I N L E T  
13 e n c  tan t s 

Te nip. 6 0 ° F  
P r e s s u r e  20  p s i a  

0 2  0.2264 l b /  h r  

I-] 2 0. 0283 lb /  h r  

R e  c i  r c u l a t i n g  F l o k ~  
Temp.  1 7 0 ° F  
P r e s s u r e  20 psia 

H2° 0. 063 
2 0.204 

EX1 T 
Temp.  5 0 0 ° F  

0.204 
0.318 

H Z  
H20 

Module neat  loss by radiation 
and  convection 250 B t u / h r  

P U M F S E P A K A T O R  - - 

P o w e r  
AT 
JP 

2 5  wat ts  
90'F 
0. 3 p s i a  

CONDENSER 
2 - 2 2  FI I 1- 

Tc nip. 500 T 
F're s s u  r e  19 .9  p s i a  
H20 .318  I b / h r  

. 2 0 4  I b / h r  H 
2 

112 Exit 
Temp.  8 0  '1- 
. P re  s s u r e  19.7 ps i a  

0. 204 l b / h r  
0. 063 l b / h r  
0 .255 l b / h r  

2 
2 

i-! 
H 0 vap. 
H 2 0  liq. 

Heat r e j ec t ion  624 B T U j h r  

3 .- I 



C .  M r  c- hani cal L)r s i g n  --- 

T h e  fQel (.ell m o d u l e  1 5  t h f l  n l d j o r  (orriponcxnt of the p o ~ v r p l ~ n t .  
I t  c o n s i s t s  of an a s sc ‘n ib ly  of fifti.cn ce l l  uni ts  connectra(1 i n  
s c r i e s  to provide t h t .  nominal  12 vol t s  potentidl .  The c e l l s  
s e l ec t ed  fo r  i ise  in th i s  module ;irt- of the l d t e s t  type cvolved 
f r o m  the or ig ina l  Bdi-on des ign .  
p ro j ec t ed  fl ight,  the module i s  o r i e n t e d  s o  t h a t  the ce l l  s t a c k  
is in  a v e r t i c a l  posit ion; i . e . ,  the cc l l  s u r f a c e s  l ie  in a 
hor izonta l  p l m e .  
the flexibil i ty of being ab le  to r u n  without s e a l s  i f  so  d e s i r e d .  
I t  would be done in the fl ight s y s t e m  to min imize  the  e f f ec t s  
of g loading on the hydros t a t i c  head of the po ta s s ium hydroxide.  

F o r  both s t a t i c  t e s t ing  diid 

In the expe r imen td l  u n i t  t h i s  i s  done to give 

X unit ce l l  cons i s t s  of hydrogen and oxygen e l e c t r o d e  
a s s e m b l i e s  s epa rd ted  by the KOH e l e c t r o l y t e  and e l e c t r i c a l l y  
in su la t ed  f r o m  each o the r  by lef lon O - r i n g  s e a l s  (Ref .  F i g u r e  

s i n t e r ,  a g a s  manifold,  and a s e a l  housing. The a s s e m b l y  
is des igned  to withstand both n o r m a l  ope ra t ing  p r e s s u r e  
d i f f e ren t i a l s  and f l ight  loads.  Th i s  is accompl i shed  by 
providing a s e r i e s  of d i m p l e s  on the manifold back up plate .  
These  a r e  b razed  to the e l ec t rode  t o  provide the r e q u i r e d  
r e in fo rced  sandwich type s t r u c t u r e .  The hydrogen manifold 
is also provided w i t h  baff les  to con t ro l  the c i r cu la t ion  path 
of the fuel. The hydrogen is m e t e r e d  to e a c h  g a s  manifold 
by a n  o r i f i ce  i n  the manifold in l e t  tube. 
tubes  to the manifolds a r e  0. 094 inch  d i a m e t e r  n icke l  tubing. 
F o r  s h o r t  t e r m  testing manifold tubes  a r e  connected to ma in  
feed  l i nes  by Teflon j u m p e r s ,  and f o r  long t e r m  eva lua t ion  
by a b r a z e d  c e r a m i c  coupling. 
w a r m u p  a r e  placed be tween the ce l l  uni ts .  
a r e  held by 12 t i e r o d s  of AMS 6204 which a l s o  s e r v e  to p lace  
the teflon seal in  c o m p r e s s i o n .  
the t i e rods  i s  d i s t r ibu ted  through two end p la tes  which a r e  
e l e c t r i c a l l y  insulated f r o m  the module a s sembly .  
c r e e p  c h a r a c t e r i s t i c s  ofTef lon ,  i t  was  fel t  t h a t  long t e r m  t e s t -  
ing might r e v e a l  the n e c e s s i t y  of providing housiiig followup 
on the s e a l s .  
sp r ing  loaded to maintain a c o m p r c s s i v e  load o v e r  thc expec ted  
c r e e p  range.  In an a l t e r n a t e  d e s i g n ,  (Ref.  F i g u r e  8 )  
machinedTeflon r ings  backed w i t h  wave w a s h e r s  r ep lace  the 
O - r i n g s ,  To complete  the module opt ions ,  an a l t e r n a t e  
p r e s s u r e  jacke t  has h e n  s e l e c t e d  t o  accomodci te  re fe  r ence  
p r e s s u r e s  g r e a t r r  than 15 ps ia .  

7 1- Each  e l ec t rode  a s s e m b l y  c o n s i s t s  of a dua l  poros i ty  

Inlet  and d i s c h a r g e  

E l e c t r i c  h e a t e r s  f o r  module 
The f i f teen c e l l s  

The c o m p r e s s i v e  load of 

Due to the 

In the s e l e c t e d  des ign  the t i e r o d s  may be 
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b. Heat  Exc hangc r s - 

One of the two heat e x c h a n g e r s  used  in t h i s  s y s t e m  is a 
s imple  counterflow coi l  cons is t ing  of t w o  concen t r i c  tubes  
with a 2 to 1 d i a m e t e r  ratio. 
e r a t o r  and i s  p1,iccd within the insu la t ion  in  the module 
jacket .  P lac ing  the r e g e n e r a t o r  i n  t h i s  locat ion helps  to 
reduce  the h e a t  re jec t ion  f r o m  the s y s t e m  by e l imina t ing  
rad ia t ion  l o s s e s  f r o m  a n  o t h e r w i s e  s e p a r a t e  housing. 
s e l e c t e d  d i ame te r  r a t i o  with t h e  outs ide  tube d i a m e t e r  s e t  
a t  1. 0 inch  gives the r e q u i r e d  hea t  t r a n s f e r  with a n  accep tab le  
l e v e l  of p r e s s u r e  lo s s .  

This  coil  is used  a s  the r egen-  

The 

The  o t h e r  heat. exchange r  i s  the condense r  which r e p l a c e s  
the rad ia t ion  device used  i n  space  appl icat ion.  Th i s  is a 
s ingle  coi led tube through which the mixture  of hydrogen 
and w a t e r  vapor  p a s s e s .  
j acke t  through which the coolant  flows. F o r  t e s t  p u r p o s e s ,  
the t e m p e r a t u r e  may be held cons tan t  to s i m u l a t e  a r a d i a t o r .  
However ,  s ince  the c o n t r o l  s y s t e m  is ab le  to au tomat i ca l ly  
compensa te  fo r  va r i a t ions  i n  cooling t e m p e r a t u r e ,  the coolant  
t e m p e r a t u r e  can be al iowed to v a r y  to eva lua te  cont ro l  
r eac t ions .  

The coi led tube is enc losed  in  a 

c .  P u m p s  and Scp,i:.ation S y s t e m  

F o r  s impl i c i ty  the y u m p  a d  s e p < i r a t o r  a r e  both mounted on 
the s a m e  shaf t .  
de-oi ler  technology and the pump i s  a s ingle  s t a g e ,  shrouded  
i m p e l l e r  centr i fugal  type. 
s e p a r a t o r  configurat ion m d  in t y p e s  of b e a r i n g s  have been 
provided.  
in i t ia l  tes t ing i s  being done w i t h  f i l led Teflon bea r ings .  
F u t u r e  tes t ing  will eva lua te  both ca rbon  and an t i f r ic t ion  
bea r ings .  
d r inking  faci l i t ies  o r  l a r g e  capac i ty  s to rage  in  th i s  
e x p e r i m e n t a l  s y s t e m .  

The s e p a r a t o r  follows c u r r e n t  je t  engine 

A n u m b e r  of a l t e r n a t e s  in 

The pump des ign  s p e e d  is  20 ,  000 r p m  and the 

N o  a t tempt  h a s  been tnade to i n c o r p o r a t e  w a t e r  
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d. Cont ro l  Sys tem 

The r e a c t a n t  p r e s s u r e  regula t ion  s y s t e m  c o n s i s t s  of the 
hydrogen,  oxygen and r e f e r e n c e  p r e s s u r e  r e g u l a t o r s .  T h e s e  
main ta in  a p r e s e t  d i f f e ren t i a l  between g a s  ( fue l  o r  oxidant)  
and r e f e r e n c e  p r e s s u r e s .  Since the r e f e r e n c e  p r e s s u r e  is 
equal  to  the e l ec t ro ly t e  p r e s s u r e ,  t hese  r e g u l a t o r s  con t ro l  
the p r e s s u r e  drop  a c r o s s  the e l ec t rode .  

To min imize  change i n  regula ted  p r e s s u r e  with change  in  
flow r a t e ,  the ove ra l l  sp r ing  r a t e  of the s y s t e m  w a s  made  
low. This ,  coupled with a l a r g e  d i a p h r a g m  a r e a ,  p roduces  
a l a r g e  valve t r ave l  for small p r e s s u r e  va r i a t ions .  The 
expec ted  cont ro l  c h a r a c t e r i s t i c  of th i s  unit is  r egu la t ion  
within f . 2 5  p s i  over  a flow range  f r o m  one- ten th  to twice 
n o r m a l  flow. To i n s u r e  aga ins t  s y s t e m  o v e r p r e s s u r e ,  e a c h  
con t ro l  conta ins  a r e l i e f  valve ac tua ted  by the s a m e  l e v e r -  
d i a p h r a g m  combinat ion which moves  the  supply valve.  

'The r e f e r e n r e  p r e s s u r e  regt?!at=r ma in ta ins  a p r e s s u r e  of 
16 f 0.5 ps i a  on the e l ec t ro ly t e  through connect ing i n e r t  
g a s  p a s s a g e s  between the hydrogen and oxygen r e g u l a t o r s  and  
the fue l  ce l l  module. 
s u r e  va r i a t ion  to which th i s  cont ro l  m u s t  r e s p o n d  a r e  g a s  
expans ion  due to in i t ia l  s y s t e m  w a r m u p  and to funct ional  
s y s t e m  leakage .  The  n i t rogen  f lows  tha t  a r e  an t ic ipa ted  
f o r  th i s  regula tor  a r e  so  low that  i t  ha s  been des igned  on 
the theo ry  that i t  may n e v e r  be n e c e s s a r y  to l i f t  the valve 
f r o m  i t s  s e a t  but m e r e l y  to occas iona l ly  r e l i e v e  the load 
to the point that  i t  b e c o m e s  a n i m p e r f e c t  s ea l .  
a d j u s t m e n t s  and a l t e rna te  valves  a r e  provided  to m a k e  t h i s  
r e g u l a t o r  m o r e  v t r s a t i l e .  

The p r i m a r y  c a u s e s  of s y s t e m  p r e s -  

Sp r ing  

e.  Hydrogen F l o w  Con t ro l  

In p e r f o r m i n g  i ts  r e q u i r e d  funct ions of t e m p e r a t u r e  r egu la -  
tion and  wa te r  r emova l ,  the hydrogen-water  vapor  mix tu re  
mus t  p a s s  through the r e g e n e r a t o r  bypass  valve,  the  
condense r  bypass  valve and f l o w  con t ro l  which s e t s  the 
hydrogen f i o w  r a t e  th rough the fuel ce l l  module.  

In  both the r egene ra to r  bypass  valve and the f l o w  con t ro l ,  
the valve se t t ings  a r e  d e t e r  mined by the bel lows movemen t ,  
which, i n  tu rn ,  a r e  motivated by t e m p e r a t u r e  sens ing  bulbs 
loca ted  i n  the fuel ce l l  module.  The bel lows a s s e m b l i e s  con-  
sist 0: the t e m p e r a t u r e  s e n s e  f luid-f i l led bel lows and 
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evacilated r e f e r e n c e  p r e s s u r e  bellows. 
bulb and  bellows a r e  f i l led with a c r i t i c a l  t e m p e r a t u r e  
phase change fluid, p a r a - c y m e n e ,  which g ives  the d e s i r e d  
s t rong  actuation s e n s e  in  the r e q u i r e d  t e m p e r a t u r e  range.  
Sp r ings  and va lve  s e a t s  a r e  ad jus tab le  for ca l ibra t ion  o v e r  
the p r e s s u r e  signal r a n g e  which can  be ex tended  by sub-  
s t i tut ing new spr ings .  

The  t e m p e r a t u r e  

The condense r  bypass  valve functions to maintain a constant  
t e m p e r a t u r e  mixture  flow to the wa te r  s e p a r a t i o n  s y s t e m .  
Th i s  is  accompl ished  by sens ing  m i x t u r e  t e m p e r a t u r e  with 
a l iquid-fi l led expansion bellows and  using the r e su l t i ng  
bellows movement  to modulate the c o n d e n s e r  b y p a s s  valve. 
The des ign  c r i t e r i a  affecting the des ign  ,of the bypass  a r e  
s i m i l a r  to the control components  a l r e a d y  d i scussed .  A s  
before  the expansion fluid s e l e c t e d  is pa ra -cymene .  This  
fluid is  in  extensive use and h a s  been found v e r y  s a t i s f a c t o r y  
fo r  s i m i l a r  applications.  
mi sa l ignmen t  of the valve which could c a u s e  poor  seal ing,  
a s p h e r i c a l  valve and conical  s e a t  combina t ion  a r e  used. 

To allow f o r  poss ib le  angu la r  

f. O v e r r i d e  T e m p e r a t u r e  Con t ro l  

A module h e a t e r  s y s t e m  is included in the s y s t e m  for  
s t a r t i ng  w a r m u p  and to maintain a m i n i m u m  accep tab le  
t e m p e r a t u r e  level at low power  output conditions.  The 
h e a t e r s  a r e  fabr icated f r o m  n i c h r o m e  w i r e  woven into 
F i b e r g l a s  mats .  
c e l l s  in  the module. 
by a para-cymene-f i l led  bulb and bellows combination, 
An e x t e r n a l  loading s p r i n g  is i n c o r p o r a t e d  i n  th i s  control  to 
s e t  the s y s t e m  p r e s s u r e  equal to t h e  vapor  p r e s s u r e  of the 
pa ra -cymene  at the d e s i r e d  switching t e m p e r a t u r e .  
a m b i e n t  p r e s s u r e  r e f e r e n c e  bellows is employed  to e l imina te  
any ambient  p r e s s u r e  cont ro l  'bias.  Manual switching is used 
to provide warmup  e n e r g y  from an  outs ide s o u r c e .  

These  a r e  ins ta l led  between individual  
Again module t e m p e r a t u r e  is s e n s e d  

An 
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A l i s t  of check  a s s e m b l i e s  indicating des ign  d e t a i l s  comple ted  
specif ical ly  f o r  this  p r o g r a m  is tabulated below: 

A s s e m b l v  Drawings  

Title 

R e g e n e r a t o r  and Module Jacket  
R e g e n e r a t o r  and P r e s s u r i z e d  Module Jacke t  
t.32 and H 2 0  S e p a r a t o r  and  Ci rcu la t ion  P u m p  
Flow Control  Valve 
R e g e n e r a t o r  B y p a s s  Valve 
R e f e r e n c e  P r e s s u r e  Regulator 
Reac tan t  P r e  s s u r e  Regulator 
F u e l  Cel l  Module 
Condense r  
Condense r  B y p a s s  Valve 
F l o w  Control  O v e r r i d e  Valve 
H e a t e r  Con t ro l  Switch 
Ele  c t r o l  yte Concentrat ion Con t r ol 
Volume Compensa t ing  Bellows 
Modified Valves and L i n e r s ,  Reac tan t  P r e s s u r e  

Modified F l o w  Con t ro l  and R e g e n e r a t o r  B y p a s s  Valve 
Ele  c t rol y te Expansion Diaphr ag m 
Elec t ro ly te  Leve l  Con t ro l  
F u e l  Cel l  Assembly  

Regu la to r s  

N u m b e r  

L- 50249 
L-  50678 
L-  5090 1 
L- 50902 
L- 50902 
L -  50903 
L-50904 
L -  50905 
L- 50906 
L-50907 
L- 50908 
L- 50909 
L-50910 
L- 509 1 1 
L-50912 

L- 509 1 3  
L- 509 14 
L- 509 15 
L-50916 
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IV FAIR R 1C;ATION 

The m a j o r  components  for  the. cxperimcnt, i l   OM (’rplnnt tidvt> been r r l edse r l  
to the shop  fo r  fabr ica t ion .  
and  w a t e r  s e p a r a t o r  d e s c r i b e d  in  t h e  p rev ious  S C (  tion has  been < omi)letc,d 
and  is ava i lab le  for tes t .  
du r ing  the next  r e p o r t  per iod.  

The  i.xperinicantcil hydrogen c i r cu la t ion  pump 

Fabr icd t ion  o f  o thc r  co1i:ponents w i l l  b e  ( oinpl(. tcd 

The e x p e r i m e n t a l  pump and s e p a r a t o r  mcrt’ machincd f r o m  Plec t ronic  “A” 
n i cke l  o r  AMS 5665 b a r  s tock.  In s o m e  cases ,  s u b a s s e m b l i e s  w e r e  L u i i t  
up by b raz ing  with a gold-nickel  b raze  be fo re  final machining ope ra t ions .  
B e a r i n g s  w e r e  machined  f ronl  Teflon, AMS 3651 ,  and r e a m e d  through at 
a s s e m b l y .  No  s p e c i a l  manufactur ing techniques we r e  r e q u i r e d  o r  employed .  

.. 

A T 1  O H  P C I M P  F o i l  E X P F R I M E N T A L  P O W E P P L A N T .  

P A G E  N O  

H Y D R  E I R  U 

. 



1 A .  ~Zperirnt~~ital Powerplan t  

E s p e r i m e n t a l  h a r d w a r e  is in  t h e  pri;cess o f  f abr ica t ion .  Init ial  t e s t ing  w i l i  I I hegin during t h e  pe r iod  c o v e r e d  b y  t h c  s e c o n d  q u a r t e r l y  r c p o r t .  
I 1 B .  "B r e a d b o a r d "   owe rplan t 

l-ll__-__l___ I 

While components  of the expe r imen ta l  powerplant w c r e  not avai lable  f o r  t e s t  
d.. L: .- . 
of A ~ e a r l i e r  des ign)  w e r e  conduc?ed t o  provide systerils expe r i ence  and t o  
~.d; .n~iI)-  e a r l y  i n  the  p r o g r a m  the p rob lems  that  will !>e encoun te red .  
w e r e  conducted ,on s inglc  c e l l s ,  mult icel l  a s s e m b l i e s ,  r e a c t a n t  p r e s s u r e  r e -  
gu la tors  and a hydrogen  c i rcu la t ion  loop.  

;' t h i s  r e p o r t  per iod,  t e s t s  of "b readboard"  coinponents (ava i lab le  hardLvare 

T e s t s  

1. F u e l  Cell  

A typ ica l  "b readboard"  t e s t  configuration f o r  both s ingle  ce l l  and mul t ice l l  
a s s e m b l i e s  cons is ted  of ve-rt ically placing e a c h  s e t  of f ive inch d i a m e t e r ,  
d u a i  poros i ty  e l e c t r o d e s  i n  aii individiial taiik f i l l ed  with e l ec t r e ly t e .  The 
tanks  w e r e  c o v e r e d  t o  faci l i ta te  the ma in tenance  of a constant  weight p e r -  
cen tage  of wa te r  i n  the e lec t ro ly te ,  g e n e r a l l y  f i f teen p e r  cen t .  The  
s t a n d a r d  e l e c t r o d e  spacing was one-half inch.  Reactant  g a s e s  w e r e  
suppl ied to  the e l e c t r o d e s  at approx ima te ly  7 ps ig .  
w e r e  vented t o  r e m o v e  gaseous i n e r t s  and  the  water f o r m e d  i n  the  e l ec t ro -  
chernica! r eac t ion .  'The t e s t s  w e r e  gene ra i ly  conducted with a n  e lec t ro ly te  
t e m p e r a t u r e  of between 4 8 0 ° F  and 5 0 0 ° F  a t  a t m o s p h e r i c  p r e s s u r e .  A 
tubular  pal ladium r e f e r e n c e  e lec t rode  opera t ing  on hydrogen  provided 
half c e l l  potent ia ls  t o  a id  in  the evaluat ion of e l e c t r o d e  p e r f o r m a n c e .  
a s s e r n b l e d  s e t  of e lectyodes and a n  e lec t ro iy te  tank  a r e  shown in  F i g u r e  9. 

T h e  r e a c t a n t  g a s e s  

An 

a. Single Cel l  T e s t s  I 
1 )  
on p e r f o r m a n c e  at different e lec t ro ly te  w a t e r  concent ra t ions .  
L is ted  below a r e  the  cutput vol tages  obtained at a c u r r e n t  densi ty  
nf 150 a m p e r e s  p e r  sqt iare  foot f o r  v a r i o u s  t e m p e r a t u r e s  at a n  
e lec t ro ly te  wa te r  concentrat ion of 15  p e r  cent: 

Tests w e r e  conducted t o  invest igate  the  effect  of t e m p e r a t u r e  

Volts 

, 8 7 0  5 0 0 ° F  
. 8 5 0  4 7 5 ° F  
.825  4 5 0 ° F  
, 7 7 0  425 "F 
.715  4 0 0 ° F  
.645 3 7 5 ° F  

Tern pe r a t  u r  e 
-I__ 

_II 
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The r e s u l t s  a l s o  showed tha t  t he  p e r f o r m a n c e  d e c r e a s e d  as  the 
e lec t ro lv tc  .vater concentrat ion was i n c r e a s e d  above 15  p e r  cen t .  
F o r t y - s i x  and or,z--hali  h o u r s  of running t i m e  were  accumula t ed  
during t h e s e  t e s t s .  Cornplete p e r f o r m a n c e  c u r v e s  a r e  shown i n  
F i g u r e  10. 

2 )  
150 a rnps / f t2  ( 1 3 4  watts / f t2) .  
the fuel ce l l  fo r  l imited per iods.  
t i m e )  was  conducted to d e t e r m i n e  t h e  o lax imutn  power ava i lab le  
f r o m  a fue l  ce l l  at  a var ie ty  of teni ; )erGtures .  
obtained a r c  l i s t ed  below: 

rhe opera t ing  design point of p r e s e n t  e lec t rode  s t r u c t u r e s  i s  
L a r g e r  loads may be placed on 

A s h o r t  t e s t  ( 4 2  hours  t e s t  

The r e s u l t s  

'I'em p e r a t u r e  - M a x i m u m  Power  Dcnsi ty  

1 8 5 watt s / f t  
145. 5 wa t t s / f t2  
9 6 . 2  wat ts  / f t 2  

5 0 0 ° F  
4 5 0 ° F  
4 0 0 ° F  

It shnulrl  he n l i t ~ d  thrr t  pro lnnged r*w?nir?g at these load cc;r;ditiona 
would a d v e r s e l y  affect  e l e c t r o d e  l i fe .  

3 )  An invest igat ion of hor izonta l ly-or ien ted  fue l  ce l l  e l e c t r o d e s  
spaced  one-eighth inch has  been ini t ia ted.  T h e  purpose of 
conducting th i s  t e s t  was t o  de inons t ra te  s a t i s f ac to ry  ope ra t ion  
of a compac t  fue l  ce l l  design s i m i l a r  t o  the  e x p e r i m e n t a l  power -  
plant des ign .  
accumula t ed ,  t he  init ial  operat ion of t he  c e l l  and  the  p r e l i m i n a r y  
r e s u l t s  obtained indicate that this  is  a feas ib le  configurat ion.  
The  e l e c t r o d e s  arid hous ings  f o r  a two c e l l  a s s e m b l y  a r e  shown 
in  F i g u r e  11. 

Although only t h i r t y  h o u r s  of t e s t  t irqe have been  

4) 
f o r  different  r a d i a t o r  t e m p e r a t u r e s  was s imula t ed  on a s ingle  
ce l l  t o  provide additional da ta  f o r  t he  des ign  of the hydrogen  
r e c i r c u l a t i o n  l o s p  components .  
with w a t e r  before  en ter ing  the  fuel ce l l  and  was p a s s e d  through 
a condense r  a f t e r  leaving the  ce l l  before  being vented.  
t e m p e r a t u r e  of the  s a t u r a t e d  hydrogen  en ter ing  the fuel ce l l  and  
the  t e m p e r a t u r e  of the  hydrogen  - w a t e r  gas  inixture  leaving the  
c o n d e n s e r  w e r e  equal,  S O  that  the wa te r  col lected f r o m  the  
c o n d e n s e r  w a s  equivaieil t  t o  t h e  w a t e r  r emoved  f r o m  the fuel 
ce l l .  The r e s u l t s  obtained 5howi.d that  a r e c i r c u l a t i o n  f l o w  rate 
of 8 . 6  t i m e s  the hydrc ge r i  consumpt ion  rate is requirt:ti t o  m a i n -  
t a in  a n  e lec t ro ly te  w a t e r  coriccntration of 15 pr-r cent a t  
equ i l ib r ium conditions w i t h  a r a d i a t o r  t e n i p e r a t u r e  of 80°F. 

The effect of the hydragen  r e c i r c u l a t i o n  r a t e  on water  r e m o v a l  

Thc r e a c t a n t  gas  w a s  s a t u r a t e d  

T h e  

I __I 
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b. 

At tiictse condi t ions,  1 .  3 ponnds c)f w a t e r  wil l  be r emoved  f r o m  
the  f u e l  c e l l  f o r  e v e r y  pound of hydrogen  r c c i r c u l a t e d .  
hundrcci and  twenty-five h o u r s  ot  running t ime were: accumula t ed  
while canducting t h e s e  t 2 s t s .  A n io re  comple t e  s e t  of t h e  r e s u l t s  
obtained, along with a n a l y t i c a l  e s t i : r : a t e s ,  are s h o w n  i n  F i g u r e  6. 
The experimental  da t a  :.!osely apprc~xir";atcd t!-iu ana ly t i ca l  
e s t i m a t e s  and component  d i s i g n  viork i s  continuing on t h i s  b a s i s .  

T h r e e  

Mult i -Cel l  E S t s  

1) A 250 watt, 14 c e l l  i n su la t ed  fue l  cel! x3dule  h a s  been con-  
s t r u c t e d  to  eva lua te  ma l t i ce l l  operatior! al:d f o r  conducting i n -  
vestigatioiis  0x1 po-.v;cr plant contqol  t:quipmlt:nt. Eventual ly  the  
module will be  er,iiployed in  a coiIiplete "br?a.dboard" fue l  c e l l  
powerplant .  T h i s  module h a s  been operat  e(! f o r  145 h o u r s  with 
a n  a v e r a g e  output of 252 watts a t  1 2 .  3 vs!ts. It o p e r a t e s  in  the  
r a n g e  of the  ; ~ i - r ) p s e d  fuel ce l l  powerplant I 2 5 0  watts  a t  12  i 1 
vo l t s )  and  thus  o f f e n  a r ead i ly  ava.iiable f u e l  c e l l  module upon 
which t o  conduct t h e  ini t ia l  t e s t s  of cxperime!i ta l  powerplant  
a c c e s s o r y  equipmc.nt. The a s s e m b l e d  Cnel c e l l  r n o d d e  and t h e  
bot tom port ion of i t s  instslated nven a r e  shown i n  F igu re  12. 
The control  panel f o r  3perat ing and  evaluat ing t h e  pe r fo rmance  of 
t h i s  r i g  is s h o w n  i n  F i g u r e  13. 

2 )  
c e l l  m o d d e  s e r v e d  ab its p r e d e c e s s o r  f o r  conducting mul t i ce l l  
t e s t s  and invest igat ions a r e  r iow being c a r r i e d  Dut c o n c c r r e n t l y  
on bot!i a s s e m b l i e s .  
ning t i m e  have been  3cCiimulated 3n the  6 cel l  module a t  a n  
a v e r a g e  output of 190 wdtts a t  5 v o l t s .  
c i r c u l i t i o n  loop a n d  p r e s s t i r e  r e g u l a t o r  iias been conducted on 
th i s  r i g  and t h e  t es t s  d r e  d iscusse t3  i n  afol lowing s(1crtim. 

P r i o r  t o  the  a s s e m b l y  of t h e  2 5 0  v*att r i i odu le ,  a 100 watt  s ix  

F o u r  hundred  and  eighty-four  h o u r s  of run -  

E v a l a j t i o n  of the hydrogen 

3 )  
f ie ld  of p a r t i c u l a r  i.ntert.st t.o NAS11. w a s  t h e  opt'ra.tion of a 100 
watt ,  G ce l l  d i sp la ) -  triodale, F i g u r e  14, r!z rnons t r r t ed  iLt L a n g l e y  
F ie ld .  
p e r  ce l ! )  and produced  ;>oiable wa te r .  
a t  N x S A  the rnodu!e was r e s t a r t e d  upon its r e t u r n  to P r a t t  & 
W h i t n e y  A i r c r a f t  Divis ion h y  m e r e l y  reheat ing t h e  soli.dified 
e l ec t ro iy re  and suppiving r e a c l a n t  g a s e s  to the ceits.  
w a s  opera ted  f o r  3 3 0  h o u r s  unde r  load b e f o r e  the t e s t  w a s  

t e rmina ted .  

One of the manv rompan:.-sponsored aci-,!rities in the f u e l  ce l l  

~ r h e  rnc,dille gener i l t ed  100 wat ts  a t  5. 4 v o l t s  (0.  90  volt 
Af te r  the demons t r a t ion  

T h e  a s s e m b i y  
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1) Hydrogen Circulat ion Loop 

P r e l i m i n a r y  t e s t ing  of a hydrogen  c i rcu la t ion  loop has  been 
ini t ia ted on the  100  matt, s i x  c e l l  module with the  i m m e d i a t e  
object ive of control l ing the e lec t ro ly te  wa te r  concentrat ion.  
The  m a j o r  components  of t h i s  wa te r  r e m o v a l  hydrogen  c i r c u l a -  
t ion loop w e r e  a n  externally-'powered, s l iding vane,  r o t a r y  pump 
and a n  air-cooled condense r .  
m i x t u r e  w a s  pumped f r o m  the  fue l  ce l l  module  t o  t h e  c o n d e n s e r ,  
w h e r e  a m a j o r  port ion of the  w a t e r  was r e m o v e d  f r o m  the  s y s t e m .  
The 80°F hydrogen-water  g a s  m i x t u r e  w a s  t h e n  r e t u r n e d  t o  the  
module .  
at a f ixed leve l  by regulat ing the  amount  of t he  g a s  m i x t u r e  c i r -  
cu la ted  through the condense r ,  s o  tha t  o n l y  t he  quantity of w a t e r  
f o r m e d  i n  the  e l e c t r o c h e m i c a l  reac t ion  w a s  r emoved .  
hydrogen  w a s  continually added  t o - t h i s  loop t o  c o m p e n s a t e  f o r  
t h e  hydrogen  consumed in  the  reac t ion .  
h o u r s  of operat ion have been a c c u m u l a t e d  on th i s  configurat ion 
with no evident ill effects  on the  pe r fo r rnance  of the  fue l  c e l l  
module,  the longest  continuous r u n  being f o r  twenty-two h o u r s .  
Opera t ion  ove r  l onge r  per iods  of t i m e ,  however ,  w i l l  undoubtedly 
r e q u i r e  s o m e  provis ion f o r  t h e  r e m o v a l  of gaseous  i n e r t s  p r e s e n t  
as  i m p u r i t i e s  in  the  reac tan t  supply.  

The  5 0 0 ° F  hydrogen-wa te r  g a s  

The  e lec t ro ly te  w a t e r  concen t r a t ion  w a s  main ta ined  

D r y  

One hundred  and twenty  

2)  Reactant  P r e s s u r e  Regulator  

The  r e a c t a n t  gas  p r e s s u r e  r e g u l a t o r  shown i n  F i g u r e  15 h a s  
sa t i s f ac to r i ly  completed ove r  300 h o u r s  of maintenance-free 
opera t ion  on 100 watt, six ce l l  :nodule a s s e m b l i e s .  This  cont ro l  
r e l i e s  on a sp r ing - loaded  diaphrafirn to  s e n s e  the  d i s c h a r g e  pressur1  
and  the  flow is regulated b y  m e a n s  of a mechan ica l  l inkage between 
the d i aphragm and the m e t e r i n g  valve to  maintain a constant  d i s -  
c h a r g e  p r e s s u r e  while under a var iab le  demand .  While t e s t ing  
of t h i s  cont ro l  wa5 conducted with a n  inlet  p r e s s u r e  of 75  psig,  
r e c e n t  bench tes t ing  has sliown it to  be capab le  of handling the  flow 
requ i r emen ; s  of a 250 w.*tt powerplant with in le t  p r e s s u r e s  a s  
low a s  20 psig.  

d .  B r e a d b o a r d  Powerplant 

A comple t e  "breadboard"  powerplant is being a s s e m b l e d .  
tha t  such  a powerplant w i l l  be in  ope ra t ion  du r ing  the per iod t o  b e  
c o v e r e d  by  the  second quar te r ly  r e p o r t .  

It is expected 
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C.  T e s t  T i m e  

The tab le  below s u m m a r i z e s  t h e  load t i m e  accumula t ed  in  conducting t h e  
above tests: 

Type of T e s t  Load T i m e  

Exper imen ta l  powerplant and  components  0 
B r e  adboa rd pow e r plant 
Breadboard  s ingle  ce l l  tests 443 5 
Breadboard  mul t ice l l  t e s t s  579 .0  
B r e a d  boa r d hydrogen c i r culat  i on loop 120.0  
Breadboard  r eac t an t  p r e s s u r e  con t ro l  314.0 

0 

Tota l  load t i m e  1456.5 hour s  

A 

CAGE NO 2 3  



VI. ANTICIPATED PROGRAM 

During the next  con t r ac t  per iod  we ant ic ipate  the following p r o g r a m :  

A. Comple t e  f ab r i ca t ion  of a l l  e x p e r i m e n t a l  powerplant  components ,  

B. Conduct  bench t e s t s  of individual components  of the e x p e r i m e n t a l  
powe rp lan t ,  

C.  Conduct  t e s t s  of a complete  b r e a d b o a r d  powerplant ,  and 

D. Conduct  t e s t s  of expe r imen ta l  powerplan t  components  individually 
and  col lect ively on the b readboard  powe rplant .  

I 
PAGE NO. 24 
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